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Abstract
In this work, we present theoretically the effect of external electric field Fe on low temperature
multisubband electron mobility μ in V-shaped double quantum well (V-DQW) HEMT structure.
We consider the impact of ionised impurity and alloy disorder scatterings for the calculation of
μ. We show that, in the proposed structure, when Fe, is absent, there are two subbands occupied
below the Fermi levels. However, as Fe increases, there is an alteration of the potential profile,
which changes the energy levels and wave function distributions leading to variation of
occupation of subband states, i.e. from double to single. During double subband occupancy,
initially, μ enhances with Fe, attains a peak value and then decreases. Whereas, for Fe where the
transition from double to single subband occupancy occurs, there is a sudden rise in μ due to the
cease of inter-subband interaction. It is interesting to note that different structure parameters, e.g.
well widths Ww, central barrier width BC, doping concentrations ND, alloy concentrations xv at
the well edges of the V-DQW have a fascinating impact on μ. We show that increasing Ww, and
BC and decreasing ND, and xv enhances μ.

Keywords: V-shaped quantum well, external electric field, nonlinear electron mobility, scattering
matrix elements

(Some figures may appear in colour only in the online journal)

1. Introduction

Recently, high electron mobility transistor (HEMT) structures
with different non-square potential profiles have attracted
much attention for the fabrication of electronic and optoe-
lectronic devices due to their specific shapes, like parabolic,
cubic, V-shaped, triangular etc [1–25]. These shapes can
manipulate the required subband energies and the number of
occupation of subband states for specific applications. From
these, interests are focused on the development of the
devices based on non-square V-shaped quantum well

(V-QW) structure due to higher confinement potential
[4, 7, 11, 13, 16, 19, 22, 23]. The V-QW structure can be
fabricated from AlxGa1−xAs by linearly grading the alloy
concentration x inside the well and hence have higher alloy
scattering than that of conventional square quantum well
(S-QW) structure [13]. In addition to this, in the case of
V-QW structure, the higher confinement, as compared to
S-QW structure, leads to interesting two-dimensional electron
gas properties [26, 27].

A double quantum well (DQW) structure possesses
tunnelling coupling in addition to the quantum confinement
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effect which can be used to engineer the optical as well as
transport properties [1, 3–7, 12, 13, 18, 28, 29]. The coupling
of subband states and wave function distributions can be
controlled through the proper choice of the central barrier
width of the DQW structure. When more than one subband is
occupied below the Fermi energy levels, inter-subband
interaction comes into the picture [6–8, 27, 29–31].

In general, application of external perturbations like
magnetic field FH, electric field Fe, etc, amends the potential
profile Vpot of V-QW structure depending upon the magnitude
and direction of applied field FH and Fe. The modified
potential profile Vpot changes the energy levels and wave
function distributions inside the wells, which give rise to
interesting optical phenomena [4, 7, 11, 13, 16, 19, 21–23].
For instance, Hu et al reported that the effect of Fe on the
ground state binding energy for lower well width of V-QW is
more significant as compared to that of parabolic quantum
well and S-QW structures [8]. Salhi et al investigated and
presented that the electrical and optical properties of LED
operating in the range of 400–500 nm containing V-QW have
superior performance as compared to that of the device
comprising U-shaped QW [9]. Yesilgul et al, have investi-
gated the effect of the strength of the FH and Fe on the optical
absorption coefficients and refractive index of V-QW struc-
ture [13]. Radu et al presented the effect of laser field on the
subband energy levels of the finite V-QW structures under the
effect of Fe [19]. Kasapoglu et al presented the impact of
crossed electric field Fe and Magnetic field FH on the ground
state impurity binding energy of V-QW structure [21]. Boy-
kin et al obtained interesting behaviour on the splitting of
energy levels in strained V-QW structures in the presence of
applied field [22]. There are lots of works available on the
application of Fe on optical properties of V-QW structure.
However, as per our knowledge, very less work is available
regarding the transport properties of V-shaped double
quantum well (V-DQW) structures [7, 20].

The electron mobility μ in quantum well structures
depends upon the scattering processes related to the system
[7, 25, 32–41]. For different temperature regimes, the relevant
scattering mechanisms, which play a key role in determining
μ, also vary. At low temperatures, the elastic scatterings, such
as, ionised impurity scatterings, alloy disorder scattering,
interface roughness scattering and acoustic phonon scattering
are important in different semiconductor structures, say,
GaAs/AlGaAs [32–35]. In case of a system, with an alloy
channel (like GaAs/InGaAs structure), the alloy disorder
scattering is important [33]. The interface roughness scatter-
ing, which arises due to the rough interfaces in hetero-
structures of dissimilar materials (say, GaAs/AlxGa1−xAs), is
important in quantum wells of narrow well widths [33,
35–37]. At low temperature the carriers are also scattered by
neutral impurities (defect centres) [38]. As temperature
increases from 0 K, the effect of acoustic phonon scattering
due to deformation potential and piezoelectric interaction
increases. The piezoelectric scattering is prominent in com-
pound semiconductors with lack of inversion symmetry [35].
In the case of nitride based quantum well structures (GaN/
AlGaN, GaN/InGaN), the strong internal piezoelectric

interaction happens to be an essential scattering mechanism to
determine the mobility unlike that in arsenide based GaAs/
AlGaAs structures [39]. The room temperature mobility is
basically governed by the inelastic scattering mechanism, like
polar optical phonon scattering [32, 34, 35].

In the present work, we consider AlxGa1−xAs based
V-DQW structure in which the side barriers are delta doped
with Si. The wells are made of AlxGa1−xAs alloy by varying
the alloy concentrations. Unlike the GaAs/AlxGa1−xAs
structure, here there is no clear cut interface between the well
and the barrier since the whole structure is made of
AlxGa1−xAs alloy. We therefore analyse the low temperature
mobility governed by ionised impurity scattering and alloy
disorder scattering.

We analyse the role of external electric field Fe on
multisubband electron mobility in a V-DQW HEMT struc-
ture. We show that, in the proposed structure, when Fe, is
absent, there are two subbands occupied below the Fermi
levels. However, as Fe increases, there is an alteration of the
potential profile, which changes the energy levels and wave
function distributions leading to variation of occupation of
subband states, i.e. from double to single. For multisubband
occupancy, μ shows oscillatory behaviour through the imp-
scattering. Mobility increases with increasing barrier width,
well width and decreasing doping concentration and alloy
concentrations at the well edge. In general, for the case of
double subband occupancy μ is less than that of single sub-
band occupancy due to additional inter-subband effects.
However, with the proper selection of structure parameters
and the potential profile it is possible to obtain the reverse
trend at the field where single to double subband occupancy
occurs. We obtained this by increasing barrier width, well
width, doping concentration and also considering asymmetric
doping concentrations in both the side barriers. It is our
pleasure to reveal that μ of V-DQW rises near the change of
the occupation of subbands, i.e. from single to double sub-
bands occupancy, unlike that of square-shaped double
quantum well (S-DQW), parabolic-shaped double quantum
well (P-DQW), and cubic-shaped double quantum well
(C-DQW), where a drop in μ is usually seen. We compared
μ of V-DQW with that of P-DQW, and C-DQW and
show that μ (C-DQW)>μ (P-DQW)>μ (V-DQW). The
obtained results will be helpful for the improvement of the
optical as well as transport properties of non-square quantum
well based new devices with proper selection of the structure
parameters and applied electric field Fe.

2. Theory

2.1. V-DQW HEMT structure

We consider a V-DQW HEMT structure carved from the
AlxGa1−xAs. The schematic layout of the structure is shown
in figure 1(a). Here, the alloy concentration x varies con-
tinuously from 0 to xv (xv �0.3) from the centre to the edges
of the wells respectively. The barriers are made of
Al0.3Ga0.7As, with fixed alloy concentration of 0.3. WF and
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WB are well widths from the front and back sides of the
designed structure, respectively. The outside barriers are
modulation δ-doped with Si of doping concentrations NDF

and NDB of width DF and DB at spacer distances SF and SB
towards the front and back sides, respectively. The wells are
separated from each other by the central barrier of width BC.

The potential profile Vstr (z) of the V-DQW is:
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where VV and VB are the potential height at the well bound-
aries and barrier, respectively. These can be obtained from the
conduction band offset presented in table 1. VV varies from 72
to 228 meV (taking x=0.1–0.3) and VB =228 meV for
x=0.3 [32] [42]. The other parameters such as effective
mass, dielectric constant, and lattice constant of AlxGa1−xAs
are also presented in table 1.

2.2. Electronic structure

The difference in electron affinity and mismatch in the band
alignment leads for the diffusion of electrons into the wells
leaving positive ions in the side barriers. So the impurity NIMP

(z) and electron distribution ne (z) towards the growth side of
the structure (z-axis) is [27]:
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Ψn (z) and En (z) of the V-DQW structure satisfies 1D
Schrödinger equation towards z-axis [27]:
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where, m is the effective mass of the electron (table 1), Vpot

(z)=Vstr (z)+VH (z). VH (z) satisfies Poisson’s equation
[27]. Application of additional electric field Fe alters the net
potential profile Vpot (z). Accordingly, another potential VF

=eFez is included to Vpot (z), in addition to Vstr (z) and VH

(z). We calculate Ψn (z) and En (z) numerically by using
multistep potential approximation [33, 43]. We show in
figure 1(b) the calculated Vpot (z), Ψn (z) and En (z) for the two
lowest occupied levels by considering the structure para-
meters DF =DB =DD =20 Å, SF =SB =SS =60 Å,

WF =WB =WW =100 Å, BC =40 Å, xV =0.3, NDF =NDB

=ND =1×1018 cm−3 and Fe =0 kV cm−1.
We assume that at low temperature all the donors are

ionised and diffused into both the adjacent wells. So that the
surface electron density Nsurf =NDFDF +NDBDB. Nsurf

related to nn by Nsurf =∑n′ nn′ [27].

2.3. Electron subband mobility

The subband electron mobility μn can be expressed in terms
of subband life time τn, expressed by the electron Fermi
energy EF as μn(EF)=(e/m) τn(EFn). The subband life time
τn satisfies the coupled linear equation [7, 27]:
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which can be derived from the Boltzmann transport equation
by employing the Fermi golden rule (see appendix). When a
single subband is occupied, equation (5) can be expressed as
[37]:
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Here, Xnn is the intra-subband and Ynm and Znm are inter-
subband scattering rate matrix elements (SRMEs). Xnn, Ynm

and Znm vary differently for different scattering phenomena
(imp/al). The mobility for imp/al scattering can be obtained:
μimp/al=∑n nnμn

imp/al/∑n nn. Finally, the whole mobility μ

is obtained by the help of Matthiessen’s rule i.e.
1/μ=1/μimp +1/μal [27].

2.4. Scattering potential

We can write the intra- and inter-subband SRMEs Xnn, Ynm,
and Znm concerning the screened scattering potential

( )V q :nm nm
SSP

∣ ( )∣ ( ) ( )òp
q q= -

p


X

m
V q 1 cos d , 9nn nn nn3 0

SSP 2

∣ ( )∣ ( )òp
q=

p


Y

m
V q d , 10nm nm nm3 0

SSP 2

∣ ( )∣ ( )òp
q q=

p


Z

m
V q cos d . 11nm nm nm3 0

SSP 2

⎧
⎨⎪
⎩⎪

( )
( ) ( )

( ) ( ) ( )
/ /

/ /=
- + + > > - + + +
+ + < < + + +N z

N S W B z D S W B
N S W B z D S W B

2 2
2 2

0 Otherwise

, 2
DB B B C B B B C

DF F F C F F F CIMP

3

Phys. Scr. 95 (2020) 034002 A K Panda et al



The scattering potentials (imp- and al-) for the V-DQW
structure can be expressed as:
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3. Results and discussion

We obtain non-monotonous electron mobility μ through inter-
subband interaction in a V-DQW structure. The δ-doped layer

widths and spacer widths are DF =DB =DD=20 Å and
SF =SB =SS =60 Å. In this work, we consider both the
front side well width WF and back side well width WB of the
proposed structure are same, i.e. WF =WB =WW.
The maximum heights at the edges of the V-shaped wells
i.e. Vv =72, 148 and 228 meV are obtained by taking the
alloy concentrations xv =0.1, 0.2 and 0.3 respectively [42].
For our structure, δV=1560 meV, where δV is the alloy
disorder scattering potential [44]. We assume Fe negative
because it is applied from the back side of the structure. We
have used FORTRAN 95 programming language to imple-
ment the Schrödinger equation and other equations
(equations (6)–(14)) for the calculation of mobility.

In figure 2 we present μimp, μal and μ (104 cm2 V−1s−1)
by varying Fe (kV cm−1) forWw =100 Å and BC =40 Å and
NDF =NDB =ND =1×1018cm−3. The mobility μ is gov-
erned by both μimp and μal. Initially, for Fe =0 kV cm−1, two

Figure 1. (a) The schematic layout of a symmetric V-shaped double quantum well (V-DQW) HEMT structure made up with AlxGa1−xAs.
Here BC: central barrier width, WF and WB: well widths, SF and SB: spacer widths, DF and DB: Doping width, NDF and NDB: Doping
concentrations towards the front and back side of the HEMT structure respectively. (b) Represent the shape of the potential and two occupied
energy levels E0 and E1 and the associated wave function distributions Ψ0 and Ψ1 respectively by taking the structure parameters WF =
WB =100 Å, SF =SB =60 Å, DF =DB =20 Å, BC =40 Å, xv =0.3, NDF =NDB =ND =1×1018 cm−3 and Fe =0 kV cm−1.

Table 1. Material parameters of AlxGa1−xAs used [42].

Sl. No. Material constant Value

1. Effective mass (units of free
electron mass m0)

m=0.067+0.083x

2. Conduction band offset (eV) V(x)=0.693x+ 0.222x2

3. Dielectric constant ε=13.18–3.12x
4. Lattice constant (Å) a=5.6533+0.0078x

4
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subbands are occupied which continue up to Fe =
8.5 kV cm−1. Then only the single subband is below EF. The
absence of inter-subband effect enhances the total mobility.
At this transition point, μimp increases but μal decreases due to
intra-subband effects. For single subband range, μ remains
almost constant, but in the double subband range, it fluctuates
nonlinearly. Although μimp causes this fluctuation, μal gov-
erns the overall magnitude of μ.

The behaviour of μimp and μal can be explained through
their subband mobilities. In figure 3, we present μ0

imp, μ1
imp,

μ0
al and μ1

al as a function of Fe. The opposite trends of μ0
al and

μ1
al, during the double subband occupancy, make μal almost

flat. From the figure, it is clear that the nonlinear behaviour of
μimp is mainly due to μ0

imp. As the shape of μ mostly depends
on μimp, in figure 4 we present the elements of the scattering
rate matrix elements (SRMEs) for imp-scattering, i.e. X00

imp,
X11
imp, Y01

imp, and Z01
imp as functions of Fe to analyse the non-

linear fluctuation of μ of figure 2. As Fe increases, X11
imp

increases exponentially wheareas Y01
imp and Z01

imp decreases
exponentially. But X00

imp faces little variation during double
subband range and maintains constant behaviour during the
single subband range. The intra-subband SRMEs X00

imp and
X11
imp play an important role to decide the nonlinear nature in μ

when two subbands are occupied in comparison to that of the
inter-subband SRMEs Y01

imp and Z01
imp.

To further illustrate the effect of Fe on mobility, we plot
Vpot(z), E0, E1 and EF in figure 5(a) and corresponding ψ0(z)
and ψ1(z) in figure 5(b) for (i) Fe =0 kV cm−1, (ii)
8 kV cm−1 and (iii) 15 kV cm−1 taking the structure para-
meters of figure 2. As Fe increases Vpot(z) tilts towards the
front side (right side of the figure 5(a)). Accordingly E0, E1

and EF change as shown in the table 2. For Fe =0 kV cm−1,
structure is symmetric and ψ0 and ψ1 extend equally into both
the wells in symmetric and antisymmetric manner respec-
tively. Two subbands are occupied (EF is greater than E0 and
E1) allowing inter-subband scattering through SRMEs X00,
X11, Y01, and Z01. When Fe ≠0 kV cm−1, system is poten-
tially asymmetric, ψ0 lies in the well towards the right side,
while ψ1 lies towards the left well. For Fe =8 kV cm−1, even
though two levels are occupied, the Fermi level EF lies just
above E1. The reduced value of EF1 =EF− E1, decreases the
subband wave vector qnm (equation (A10)), and hence
enhances the scattering potential Vnm

imp (equation (12)) causing
reduction of μ1

imp. Whereas, no such proportionality of qnm
occur in Vnm

al (equation (14)) and the change in μ1
al is mostly

due to change in the distribution of the subband wave func-
tions. For Fe =15 kV cm−1, single lowest level is occupied,
EF <E1, the mobility is due to intra-subband scattering only.

Figure 2. μimp, μal and μ as function of Fe of V-DQW structure for
DD =20 Å, SS =60 Å, WW =100 Å, BC =40 Å, xv =0.3, NDF

=NDB =ND =1×1018 cm−3.

Figure 3. μ0
imp, μ1

imp, μ0
al and μ1

al versus Fe of V-DQW structure with
the structure parameters same as that of figure 2.

Figure 4. X00
imp, X11

imp, Y01
imp, and Z01

imp versus Fe of V-DQW structure
with the structure parameters same as that of figure 2.

5
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μ0
imp enhances considerably while μ0

al almost remains
unchanged (figures 3, 4), compared to that of Fe =0 kV cm−1

and Fe =8 kV cm−1, leading to net enhancement in μ.
In figure 6, we plot μ versus Fe by considering different

middle barrier widths BC. Here we take BC =40, and 60 Å for
Ww =100 Å and other parameters same as in figure 2. The
V-DQW structure is coupled through the central barrier BC.
The coupling strength has an essential effect on μ. As BC

increases, the coupling strength decreases, thereby making the
two wells behave independently. As a result for BC =60 Å,
the rise in μ is quite significant. But the range of Fe for which
double subband occupancy occurs decreases as compared to
BC =40 Å. The change in μ for BC =40 and 60 Å is because
of the difference in the subband Fermi energy values.

In figure 7, we show μ versus Fe by considering
Ww =100, 150 and 200 Å with other parameters remain
unchanged as that of figure 2. As Ww decreases, the

nonlinearity in μ decreases but the range of two-subband
occupancy increases. The decrease in Ww reduces mobility μ

due to μimp and μal. This is because of the closeness of the
diffused electrons (inside the wells) with that of positive ions
(left in the side barriers). It leads to higher ionised impurity
scattering. We show that for the case of Ww =150 and 200 Å
there is an improvement of μ at the shift of one-subband to
two-subband occupancy, unlike that of the S-QW structure
where a drop in μ is usually seen. This anomalous increase in
μ is due to the higher confinement potential in V-QW and
dominance of al-scattering as compared to that of imp-
scattering. The enhancement of μ increases with an increase
in well width, and it is maximum for Ww =200 Å.

In figure 8, we present μ as a function of Fe taking
different doping concentrations, ND =1.0, 1.5 and
2×1018 cm−3 for WW =100 Å, BC =40 Å and xv =0.3.
Under double subband occupancy, the mobility changes

Figure 5. (a). Vpot(z), E0, E1 and EF; (b) corresponding ψ0(z), and ψ1(z) for (i) Fe =0 kV cm−1, (ii) 8 kV cm−1 and (iii) 15 kV cm−1 taking
the structure parameters same as that of figure 2.

Table 2. Energy levels and mobility due to imp- and al-scatterings for different Fe.

Energy levels (meV) Mobility (104 cm2 V−1 s−1)

Fe (kV cm−1) E0 E1 EF μ0
imp μ1

imp μimp μ0
al μ1

al μal μ

0 134.84 135.47 141.21 5.522 5.885 5.694 4.678 5.253 4.950 2.648
8 112.60 124.07 124.39 7.524 0.603 7.324 3.509 11.519 3.722 2.468
15 92.85 114.32 104.96 15.347 — 15.347 3.463 — 3.463 2.825
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nonlinearly. This nonlinearity increases as ND decreases. We
show that with the decrease in ND, μ

imp decreases while μal

increases along with a decrease in the range of double sub-
band occupation. We note that as ND decreases the number of
ionised donors decreases. But, simultaneously, the surface
electron density also decreases, which attenuates the Fermi
wave vector and consequently, Fermi velocity. The after-
wards effect being predominating, μimp decreases with
decrease in ND. Regarding the increase in μ

al, we know that as
ND decreases, there is less band bending such that the
potential well becomes wider. This makes the amplitudes of
the subband wave functions smaller and reduces the al-scat-
tering potential.

In figure 9, we present μ as a function of Fe taking
various alloy concentration xv =0.1, 0.2 and 0.3 with

Ww=100 Å for BC =40 Å, ND =1.0×1018 cm−3. During
double subband occupation, the mobility possesses non-
linearity. For xv =0.1, mobility faces an abrupt drop at the
transition field where single to double subband occupation
occur. But this drop gradually reduces as the alloy con-
centration increases from xv =0.1–0.2 and then 0.3. We note
that as xv increases the peak in nonlinearity decreases but the
transition from single to double subband occupation obtains
at a slightly lower value of Fe.

In figure 10, we plot variation of μ with Fe taking
different combinations of doping concentrations, (NDF,
NDB)=(1, 1), (0.5, 1.5), and (0, 2)×1018 cm−3 with
Ww =100 Å, with SS =60 Å, BC =60 Å, DD =20 Å and
xv =0.3. As the difference between the NDF and NDB

Figure 6. μ versus Fe of coupled V-QW structure for BC =40 and
60 Å by taking Ww =100 Å. SS =60 Å, DD =20 Å, xv =0.3, ND

=1×1018 cm−3.

Figure 7. μ versus Fe of V-DQW structure for Ww =100, 150 and
200 Å, with SS =60 Å, BC =40 Å, DD =20 Å, xv =0.3, ND

=1×1018 cm−3.

Figure 8. μ versus Fe of V-DQW structure for NDF =NDB =ND

=1, 1.5 and 2×1018 cm−3 with Ww =100 Å, SS =60 Å, BC

=40 Å, DD =20 Å, xv =0.3.

Figure 9. μ versus Fe of V-DQW structure for xv =0.1, 0.2 and 0.3
with ND =1×1018 cm−3 with Ww =100 Å, with SS =60 Å, BC

=40 Å, DD =20 Å.
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increases, μ becomes more nonlinear with large oscillations
along negative Fe. We show that for the combination of
doping concentrations (NDF, NDB)=(1, 1), and (0.5, 1.5), at
first i.e. Fe =0 kV cm−1, there are two subbands occupied.
As Fe increases, there is a transition from double to single
subband occupancy. It is interesting to show that only in the
case of a larger difference between the NDF and NDB, i.e.
(NDF, NDB)=(0, 2)×1018 cm−3, there is single subband
occupied followed by double subband. We also calculated
and obtained the result of μ for (NDF, NDB)=(0,
2)×1018 cm−3, by extending Fe up to 20 kV cm−1 (Which is
not shown in the figure 9) and interestingly at Fe

=16.25 kV cm−1 again there is a transition from double to
single subband occupancy. There is a fascinating oscillation
of μ during the range of second subband occupancy. The
oscillation of μ is due to μimp, but μal regulates the total
magnitude of μ. The applied external field Fe (≠ 0 kV cm−1)
tilts the whole potential of the quantum well and the structure
becomes asymmetric. By varying the difference between NDF

and NDB, the potential is changed to realise towards sym-
metric. For the case (NDF, NDB)=(0, 2)×1018 cm−3 at Fe

=FR =12 kV cm−1 an effectively symmetric potential can
be obtained so that the subband states demonstrate resonance.
At this point, ψ0 and ψ1 extended almost equivalently into
both the wells in symmetric and anti-symmetric manner
respectively. For Fe >FR the subband wave functions ψ0

(ground) and ψ1 (excited) lie in the left well and right well
respectively. For Fe <FR, vice versa occurs. The substantial
change in the distribution of ψn(z) near Fe =FR, manipulate
the scattering potentials significantly. Hence the lowest value
of mobility is obtained at Fe =FR =12 kV cm−1. The larger
oscillation in μ is due to the larger nonlinearity of μ0

imp and
μ1
imp. The subband mobility μ0

imp almost controls the oscilla-
tion of μimp for Fe <FR while μ1

imp controls the oscillation for
Fe >FR. We show that the resonant point occurs at a lower
value of Fe with decreasing the difference between NDF and
NDB i.e. for (NDF, NDB)=(0.5, 1.5)×1018 cm−3 FR

=6 kV cm−1. For the symmetric case with (NDF,
NDB)=(1.0, 1.0)× 1018 cm−3, FR =0 kV cm−1. It is our
gratitude to show that for all the three cases, we observe an
enhancement of μ near the transition point from single to
double subband occupancy.

In figure 11, we show a comparative study for different
shaped QW structure potentials like cubic, parabolic and
V-shaped. Here, we plot variation of μ with Fe for C-DQW,
P-DQW and V-DQW structures for xV =0.3 with Ww

=100 Å, SS=60 Å, BC =60 Å, DD =20 Å and NDF =
NDB =ND =1×1018 cm−3. We found μ (C-DQW)>
μ (P-DQW)>μ (V-DQW). This decreasing trend in mobility
is because of the gradually increasing effect of alloy disorder
scattering. We note that the sudden drop in μ at the transition
field where single to double subband occupation happens for
C-DQW and P-DQW can be avoided in the case of V-DQW.

4. Conclusion

Here, we achieve non-monotonous electron mobility μ as a
function of external electric field Fe through inter-subband
interactions in double V-shaped quantum well HEMT struc-
ture. We obtain the asymmetry in the structure by applying an
electric field from the back side of the structure. We take
ionised impurity (imp-), and alloy disorder (al-) scattering and
show the impact of different structural parameters like doping
concentrations Nsurf, central barrier width BC, well width WW,
and alloy concentration xv on μ as a function of Fe. Our
results show that by increasing BC and WW one can improve
the non-monotonic nature of μ. The range of Fe, for which
double subband occupancy can occur, decreases with increase
in Nsurf but enhances with the decrease of BC and WW. The
magnitude of μ increases with increasing in BC, and WW,
whereas decreases with increasing Nsurf and xv at the well
edges. We show that with a suitable selection of the structure
parameters, it is possible to obtain the rise of μ at the

Figure 10. μ as function of Fe for (NDF, NDB)=(1, 1), (0.5, 1.5)
and (0, 2)×1018 cm−3 of V-DQW structure for xv =0.3 with
Ww =100 Å, with SS =60 Å, BC =60 Å, DD =20 Å.

Figure 11. μ as function of Fe in V-DQW, P-DQW and C-DQW
structures for xv =0.3 withWw =100 Å, SS =60 Å, BC =60 Å, DD

=20 Å and ND =1×1018 cm−3.
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transition of single to double subband occupancy. We also
show that the non-monotonic variation of μ during multi-
subband occupancy can also be improved more by con-
sidering substantial differences in doping concentrations at
both the side barriers. We compared the mobility of V-DQW
with that of P-DQW and C-DQW and found that V-DQW has
higher confinement than that of P-DQW and C-DQW. Our
results will be helpful for the improvement of the optical as
well as transport properties of non-square quantum well based
new devices with proper selection of the structure parameters
and applied electric field Fe.
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Appendix

An expression for the electron mobility in a multisubband
occupied quantum well system can be derived from the
Boltzmann transport equation as [27, 33]:
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where

F is the electric field, ( )


f kn is the electron distribution

function of the nth subband.  
¢Snk mk, is the electron transition

probability per unit time which is basically derived using the
time dependent Schrödinger equation by employing time
dependent perturbation formalism [34, 35]. It can be expres-
sed in terms probability of transition from a stationary state
∣

ñnk to ∣


¢ñmk , popularly known as Fermi golden rule:
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where V’ the potential of the scatterers. The electronic state
∣

ñnk can be represented in terms of the wave function and

energy eigen values
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Here ε(k)=ħ2k2/2m, r is the two dimensional position
vector along the interface (xy) plane.


k is the 2D wave vector.

A is the area of the sample perpenicular to the growth
direction (z-axis). ψn is the subband wave functions and En is
corresponding energy levels of the electron. ψn satisfies the
Schrödinger equation along z-axis described in equation (4).
The Boltzmann equation (equation (A1)) can be expressed as

[27, 33]
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The outer 〈K..〉 in the transition matrix relates to the
distribution averaging of the scatterers. One can solve
equation (A5) exactly by writing the electron distribution
function ( )


f kn through the relaxation time approximation, i.e.

by introducing energy dependent relaxation time τn(ε) for
each subband [27, 45]:

( ) ( ) ·
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n
n

0
0

fn
0 is the Fermi–Dirac distribution function and τn is the

subband transport life time. By using equation (A6) in (A5),
the Boltzmann transport equation is obtained in the form of a
coupled linear equation in terms of τn(ε). One can write
τn(ε)=τn (EFn) for T=0 K, where EFn =EF− En. Further,
using suitable configurational averaging over the scatterers,
the Boltzmann equation can be expressed as (presented in
equation (5)):

( )å t =
=

G 1 A7
m

N

nm m
0

N is the numbers of occupied subbands. Gnm is the
subband transport scattering matrix:

( )å= + =
¹

G X Y n mfor , A8nn nn
l n

N

nl

( )= - ¹G
k

k
Z n mfor . A9nm

Fm

Fn
nm

The intra-subband Xnn and inter-subband Ynm and Znm
scattering rate matrix elements can be expressed in terms of
the scattering potentials ( )V qnm nm

SSP (as described in
equations (9)–(14)). The subband wave vector

[ ] ( )/q= + -q k k k k2 cos , A10nm n m n mF
2

F
2

F F
1 2

where ( ) · ∣ ( )∣ ∣ ∣ ∣ ∣
/  

= = áá ¢ ¢ ñ ñ


k V q mk V nkn
mE

nm nmF
2 1 2 SSP 2 2nF

2 is

the configurational averaging of different scattering potential
matrix elements including the effect of screening [45].
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